Functional large ribosomal subunits of Thermus aquaticus can be reconstituted from ribosomal proteins and either natural or in vitro transcribed 23 S and 5 S rRNA. Omission of 5 S rRNA during subunit reconstitution results in dramatic decrease of the peptidyl transferase activity of the assembled subunits. However, the presence of some ribosome-targeted antibiotics of the macrolide, ketolide or streptogramin B groups during 50 S subunit reconstitution can partly restore the activity of ribosomal subunits assembled without 5 S rRNA. Among tested antibiotics, macrolide RU69874 was the most active: activity of the subunits assembled in the absence of 5 S rRNA was increased more than 30-fold if antibiotic was present during reconstitution procedure. Activity of the subunits assembled with 5 S rRNA was also slightly stimulated by RU69874 , but to a much lesser extent, approximately 1.5-fold. Activity of the native T. aquaticus 50 S subunits incubated in the reconstitution conditions in the presence of RU69874 was, in contrast, slightly decreased. The presence of antibiotics was essential during the last incubation step of the in vitro assembly, indicating that drugs affect one of the last assembly steps.
Introduction
The 5 S rRNA is an integral component of ribosomes in practically all known organisms withthe only possible exception being mitochondrial ribosomes of fungi and animals (for recent reviews, see Lund & Dahlberg, 1998; Dallas et al., 1995; Bogdanov et al., 1995) . The omnipresence of 5 S rRNA, as well as a high degree of conservation of its structure, implies that it plays an essential role in the ribosome. However, although omission of 5 S rRNA during in vitro reconstitution of Escherichia coli 50 S ribosomal subunits affected many ribosomal functions, even the most affected ones, binding of tRNA to A-site and peptidyl transferase activity, remained present at detectable levels (Dohme & Nierhaus, 1976; Erdmann et al., 1971) . Thus, 5 S rRNA per se is not critical for any speci®c function associated with the large ribosomal subunit. This conclusion was in agreement with the observation that 5 S rRNA is largely inaccessible in the ribosome (Farber & Cantor, 1981; Noller & Herr, 1974; Silberklang et al., 1983) making its participation in any ribosomal activity involving direct interaction with ribosomal ligands highly unlikely.
Immunoelectron microscopy placed 5 S rRNA in the central protuberance of 50 S subunits, not far from the proposed location of the ribosomal peptidyl transferase (Shatsky et al., 1980; Sto È ef¯er & Sto È ef¯er-Melicke, 1986; Mitchell et al., 1990) . The proximity of 5 S rRNA to the ribosome catalytic center is consistent with the observation that large ribosomal subunits assembled without 5 S rRNA are signi®cantly compromised in their peptidyl transferase activity (Silberklang et al., 1983) . The putative binding region of the 5 S rRNA/ribosomal protein complex was mapped within 23 S rRNA segment 2250-2410 near the central loop of domain V, which was shown to be an indispensable component of peptidyl transferase center (éstergaard et al., 1998) (Figure 1) . A short-range cross-link can be formed between U89 of 5 S rRNA and C2475 in the peptidyl transferase region of domain V of 23 S rRNA (Dokudovskaya et al., 1996) (Figure 1) . Simultaneously, the same site in 5 S rRNA can be cross-linked to several positions in domain II of 23 S rRNA (Dokudovskaya et al., 1996; Sergiev et al., 1998) which may also be a component of the peptidyl transferase center (Xiong et al., 1999; Hansen et al., 1999) . It was speculated that 5 S rRNA may serve as a structural and, perhaps, a functional link between domains II and V of 23 S rRNA (Bogdanov et al., 1995) . However, it remains unclear how 5 S rRNA may participate in the inter-domain interactions.
We hypothesized that 5 S rRNA is involved in arranging RNA components of the peptidyl transferase catalytic center during ribosome assembly. In particular, it can help to properly position segments of domains II and V of 23 S rRNA that are important for the peptidyl transferase activity. In order to test this hypothesis, we reconstituted large ribosomal subunits of Thermus aquaticus in the presence of antibiotics which, similar to 5 S rRNA, can interact with domains II and V of 23 S rRNA (Moazed & Noller, 1987; Xiong et al., 1999; Hansen et al., 1999) (Figure 1 ). We found that while the peptidyl transferase activity of 50 S subunits reconstituted in the absence of 5 S rRNA was negligible, the presence of some macrolide, ketolide and streptogramin B-type antibiotics during the subunit reconstitution compensated for the lack of 5 S rRNA and partially restored peptidyl transferase activity of the assembled subunits. This result is consistent with the possibility that 5 S rRNA may assist in the assembly of the ribosomal peptidyl transferase center.
Results

Reconstitution of T. aquaticus large ribosomal subunits in absence of 5 S rRNA
Using a recently developed three-step incubation procedure, large ribosomal subunits of T. aquaticus can be reconstituted from total 50 S subunit proteins (TP50), 5 S rRNA and either natural or in vitro transcribed 23 S rRNA (Khaitovich et al., 1999b) . Fully assembled subunits display substantial activity in both peptidyl transferase assay and poly(U)-dependent cell-free translation system. In contrast, 50 S ribosomal subunits reconstituted in the absence of 5 S rRNA (50 S À5 S subunits) showed no detectable activity in the sensitive standard assay (Khaitovich et al., 1999b) where peptidyl transferase reaction between [
35 S]fMet-tRNA and puromycin is catalyzed, in the presence of 33 % (v/ v) methanol, by isolated 50 S ribosomal subunit (Monro & Marcker, 1967) . Only when sensitivity of the assay was further increased by using [ 35 S]fMettRNA with the speci®c activity approximately ten times higher (>100 Ci/mmol), could we observe very low residual peptidyl transferase activity of 50 S À5 S subunits corresponding to approximately 0.03 % of activity of native 50 S subunits (0.3 % activity of subunits reconstituted in the presence of 5 S rRNA) (Figure 2, lane 3) . This peptidyl transferase activity of 50 S À5 S subunits was so low that even small 5 S rRNA contamination in preparations of natural 23 S rRNA could signi®cantly contribute to the observed effects. Therefore, in all the experiments described here we used 23 S rRNA that was prepared by in vitro transcription of its cloned gene (Khaitovich et al., 1999b) , which The dramatic loss of catalytic activity of 50 S subunits assembled without 5 S rRNA could be attributed to: (i) inef®cient assembly of subunits in the absence of 5 S rRNA; (ii) failure of essential proteins to incorporate into 50 S À5 S subunits; and (iii) absence of 5 S rRNA itself. To distinguish between these possibilities, the sedimentation properties of 50 S À5 S subunits were analyzed on a sucrose gradient and their protein composition was compared to that of 50 S subunits reconstituted with 5 S rRNA.
The 50 S À5 S subunits formed a sharp symmetric peak during sucrose gradient centrifugation, which sedimented similarly to the fully assembled or natural 50 S subunits (Figure 3) . Thus, the lack of 5 S rRNA does not interfere with general assembly of compact large ribosomal subunits. At the same time, a slight decrease in sedimentation rate of 50 S À5 S subunits compared to natural subunits could indicate minor distortions in the structure of the 50 S À5 S subunits. This observation was in accordance with the previous report that E. coli subunits assembled without 5 S rRNA had sedimentation coef®cient of 47 S (Dohme & Nierhaus, 1976) .
Protein composition of sucrose gradient-puri®ed 50 S À5 S subunits was analyzed by two-dimensional gel electrophoresis and compared to that of the subunits reconstituted with the complete set of rRNAs (Figure 4) . With only few exceptions, most of the proteins present in 50 S subunits, reconstituted with 5 S rRNA, were also found in 50 S À5 S subunits. Two of the missing protein spots (marked by asterisks in Figure 4 (a)) had mobility corresponding to the 5 S rRNA-binding proteins, TL4 and TL5, identi®ed previously in a closely related bacterium Thermus thermophilus (Gongadze et al., 1993) . More importantly, all the eight proteins which are the only protein components of the peptidyl transferase active particles prepared by partial deproteinization of T. aquaticus 50 S subunits, namely L2, L3, L13, L15, L17, L18, L21, and L22 (Khaitovich et al., 1999b) , were present. Thus, several proteins missing in 50 S À5 S subunits (marked by arrows in Figure 4 (a)) are clearly dispensable for the peptidyl transferase activity and it is unlikely that their lack could account for the loss of catalytic activity of 50 S À5 S subunits.
Reconstitution of T. aquaticus large ribosomal subunits in presence of antibiotics
Since 5 S rRNA (Dokudovskaya et al., 1996; Sergiev et al., 1998) and ketolide antibiotics (Xiong et al., 1999; Hansen et al., 1999) appear to interact with the same two domains (II and V) in 23 S rRNA we decided to test whether a small antibiotic molecule can substitute for the lack of 5 S rRNA. The 50 S À5 S subunits were reconstituted in the presence of 1 mM of the ketolide HMR3647 using standard three-step reconstitution protocol (Khaitovich et al., 1999b) with the antibiotic added: (i) before the ®rst reconstitution step; (ii) before the last (third) step of reconstitution; or (iii) after the completion of the subunit reconstitution. The catalytic activity of assembled 50 S À5 S subunits was then directly tested in the peptidyl transferase assay. While 50 S À5 S subunits reconstituted without antibiotic were, as expected, inactive in the standard test (Figure 2 , lane 5), particles reconsti- Peptidyl transferase activity of in vitro reconstituted 50 S ribosomal subunits. The 50 S subunits were reconstituted from the TP50 proteins and in vitro transcribed 23 S rRNA in the presence or in the absence of 5 S rRNA. The activity of the reconstituted subunits was tested in the peptidyl transferase assay as described in Materials and Methods and the reaction product, formyl-[ 35 S]methionyl puromycin, was resolved by paper electrophoresis (Green & Noller, 1996) and visualized by PhosphorImager. Peptidyl transferase reaction was performed either in the standard conditions using [ 35 S]fMet-tRNA with the speci®c activity 10 Ci/mmol (lanes 4-8) or using [
35 S]fMet-tRNA with a ca tenfold higher speci®c activity (lanes 1-3). Lane 1 (control), native T. aquaticus 50 S subunits; lanes 2 and 4, subunits reconstituted in the presence of 5 S rRNA; lanes 3 and 5-8, subunits reconstituted without 5 S rRNA; 2 mM ketolide HMR3647 was added to the reconstitution mixture: lane 6, before the ®rst incubation step; lane 7, before the third (last) incubation step; lane 8, after the completion of reconstitution procedure.
Function of 5 S rRNA in Ribosomal Subunit Assembly tuted with HMR3647 present during the whole reconstitution procedure, or only during its third step, exhibited signi®cant peptidyl transferase activity (Figure 2 , lanes 6 and 7). In contrast, when the antibiotic was added to the already assembled 50 S À5 S subunits, they remained inactive ( Figure 2 , lane 8). We concluded that the presence of antibiotic during subunit reconstitution was essential for restoring the catalytic activity of the 50 S À5 S subunits.
In addition to the ketolide HMR3647, another ketolide (HMR3004), several macrolides (erythromycin, RU69874, azaerythromycin, azithromycin and tylosin) and a streptogramin B-type antibiotic quinupristin, can notably stimulate assembly of peptidyl transferase-active 50 S À5 S subunits ( Figure 5 ). None of the other antibiotics tested, including 50 S subunit-targeted thiostrepton, or 30S subunit-targeted streptomycin and pactamycin, had any effect on the activity of 50 S À5 S subunits Figure 4 . Two-dimensional gel electrophoresis analysis of protein composition of (a) subunits reconstituted from TP50 and both 23 S and 5 S rRNAs, and (b), subunits reconstituted in the absence of 5 S rRNA from TP50 and 23 S rRNA. Arrows on the gel shown in (a) indicate protein spots whose intensity was signi®cantly reduced in subunits reconstituted without 5 S rRNA. Asterisks show the protein spots whose mobility correspond to the 5 S rRNA-binding proteins TL4 and TL5 of T. thermophilus (Gongadze et al., 1993) . Proteins marked on the (b) were shown to be suf®cient for peptidyl transferase activity of T. aquatcius 50 S subunits (Khaitovich et al., 1999a) . Figure 5 . Effect of various antibiotics on peptidyl transferase activity of 50 S subunits reconstituted without 5 S rRNA. All antibiotics were added to reconstitution mixtures at 0.2 mM (®nal concentration) before the ®rst incubation step of the reconstitution procedure. The bars on the histogram represent the amount of radioactivity (total counts) in the fMet-puromycin spot on the paper electrophoregram after 13 hours exposure in the PhosphorImager. (fMet puromycin was formed in result of the peptidyl transferase (PT) reaction catalyzed by reconstituted subunits; see Materials and Methods.) (Figure 5, ). Among the drugs tested, macrolide RU69874 and ketolide HMR3647 displayed the highest potency in stimulating assembly of functional 50 S À5 S subunits. The presence of RU69874 during subunit reconstitution stimulated the activity of 50 S À5 S subunits more than 30-fold (Table 1 ). The effect of RU69874 was already pronounced even at 1 mM concentration and reached a plateau at 100 mM ( Figure 6 ).
Approximately 100-fold higher concentration of the second best drug, ketolide HMR3647, was required to obtain a comparable effect. The activity of 50 S subunits reconstituted with 5 S rRNA was also slightly enhanced by the presence of RU69874; however, this stimulation was signi®cantly less pronounced (approximately 1.5-fold) than in the case of 50 S À5 S subunits (30-fold). Activity of native 50 S subunits preincubated with RU69874 in reconstitution conditions was, in contrast, slightly diminished.
Macrolide RU69874 interacts with domains II and V in 23 S rRNA
It was previously shown for the E. coli and T. aquaticus large ribosomal subunits that binding of streptogramin B-type antibiotics, ketolide HMR3647 or erythromycin affects accessibility of nucleotides in domains II and V of the 23 S rRNA for chemical modi®cations (Moazed & Noller, 1987; Hansen et al., 1999; Xiong et al., 1999; Porse & Garrett, 1999; A.S.M., unpublished data) . We investigated whether macrolide RU69874, which strongly stimulates assembly of active 50 S À5 S subunits, also interacts with these two domains of 23 S rRNA. RNA footprinting showed that RU69874 bound to native T. aquaticus 50 S subunits strongly protected A746 (E. coli numeration) in domain II and also A2058 and A2059 in the central loop of domain V from modi®cation by dimethyl sulfate (Figure 7) . Thus, similar to other antibiotics that stimulate assembly of catalytically active 50 S À5 S Figure 6 . Dependence of peptidyl transferase activity of reconstituted 50 S À5 S subunits on concentration of macrolide RU69874 present during reconstitution. Different concentrations of the drug were added to the reconstitution mixtures prior to the ®rst incubation step. The activity of the assembled subunits was tested in a standard peptidyl transferase assay. The amount of radioactivity in the fMet-puromycin spots on the paper electrophoregram was determined after 12 hours exposure and plotted against antibiotic concentration. Figure 7 . Footprinting of the macrolide RU69874 on 23 S rRNA of native T. aquaticus 50 S subunits. Subunits were modi®ed with dimethyl sulfate in the absence (lanes 3 and 7) or in the presence (lanes 4 and 8) of 50 mM RU69874, and modi®ed bases were localized using primer extension. Lanes 1 and 5, A-speci®c sequencing lanes. Lanes 2 and 6, unmodi®ed control. Numeration corresponds to the E. coli 23 S rRNA. a Subunits were reconstituted using standard reconstitution procedure as described in Materials and Methods. Native 50 S subunits were incubated with or without antibiotic in the standard reconstitution conditions.
b Antibiotic was added to reconstitution mixtures and native 50 S subunits prior to the incubation at the reconstitution conditions (®nal antibiotic concentration was 0.5 mM)
c The reconstituted material and 50 S subunits were precipitated twice by ethanol before the activity assay. Peptidyl transferase activity was measured as described in Materials and Methods. Activity values are an average of two independent experiments. Background radioactivity of the control sample containing no ribosomal components (approximately 0.001 % of the radioactivity of the native 50 S subunits sample) was subtracted from all the acitivity values. subunits, RU69874 also interacts with two domains (II and V) of rRNA.
Macrolide-resistance mutation in 23 S rRNA abolish stimulatory action of macrolide on assembly of catalytically active 50 S À5 S subunits
The A2058G mutation in 23 S rRNA confers macrolide resistance by interfering with binding of the drug to the large ribosomal subunit (Vester & Garrett, 1987; Douthwaite & Aagaard, 1993) . We used mutant 23 S rRNA containing the A2058G mutation (Khaitovich et al., 1999b) to test whether macrolide RU69874 must interact with its native binding site to stimulate assembly of catalytically active 50 S À5 S subunits. Peptidyl transferase activity of 50 S subunits assembled in the absence of antibiotics from TP50, 5 S rRNA and mutant 23 S rRNA was comparable to that of the subunits assembled with the wild-type 23 S rRNA (Figure 8,  lanes 1 and 4) . However, while the presence of RU69874 during reconstitution of wild-type 50 S À5 S subunits signi®cantly stimulated their peptidyl transferase activity, similarly assembled mutant 50 S À5 S subunits remained completely inactive (Figure 8, compare lanes 3 and 6) . Thus, it appears that interaction with the native binding site is required for the macrolide stimulatory action on the 50 S À5 S subunit assembly.
Discussion
Here we present evidence that antibiotics that can interact with domains II and V of 23 S rRNA can partly substitute for the lack of 5 S rRNA during in vitro reconstitution of large ribosomal subunits. This result is consistent with the possibility that 5 S rRNA is involved in the assembly of the peptidyl transferase center.
The RNA component of the ribosomal peptidyl transferase is composed of RNA segments located distantly in the 23 S rRNA primary structure. In the rRNA secondary structure, several rRNA sequences are brought together to form what is known as the``central loop'' or the``peptidyl transferase ring'' of domain V, which is known to be an integral part of the peptidyl transferase (for reviews see Garrett & Rodriguez-Fonseca, 1996; Green & Noller, 1997) . Other rRNA elements, which may also be important for the catalysis of peptide bond formation, are brought into proximity with the peptidyl transferase ring in the ribosome tertiary structure. Speci®cally, some segments of domains II appear to be structurally and functionally related to the peptidyl transferase. The amicetin-resistance mutation U2438C in the immediate vicinity of the central loop of domain V affects sensitivity of the cell to the antibiotic thiostrepton, whose binding site is located in the domain II and conversely, thiostrepton resistance mutations in domain II (A1067G and A1095G) render hypersensitivity to the peptidyl transferase inhibitor, amicetin, suggesting structural and functional interactions of the two sites Mankin et al., 1994) . The regions in 23 S rRNA located close to the thiostrepton site in domain II (U958, A960, G1022 and G1138) and the nucleotide C2475 located nearby the amicetin site in domain V could be cross-linked to the same nucleotide U89 of 5 S rRNA (Gulle et al., 1988; Sergiev et al., 1998; Dokudovskaya et al., 1996) . Another region of domain II, which also appears to be associated with the peptidyl transferase center, is the apex loop of the helix 35 (see Figure 1) . The segment 739-748 of helix 35 in domain II could be UV cross-linked to sequence 2609-2618 in the central loop of domain V (Stiege et al., 1983 (Stiege et al., , 1986 ) and co-variation analysis suggests existence of a triple base interaction involving É746 in the helix 35 loop and the G2057-C 2611 base-pair in the central loop of domain V (Gutell, 1996) . Furthermore, production in the cell of a short RNA fragment complementary to the helix 35 loop affects translation termination, a ribosomal function associated with the activity of the peptidyl transferase center (Chernyaeva et al. 1999) . The proximity of helix 35 to the peptidyl transferase ring is further supported by the results of antibiotic studies. Mutations in both domains II and V can render cells resistant to macrolide and ketolide antibiotics indicating that both domains are involved in interaction with a small antibiotic molecule (Sigmund et al., 1988; Ettayebi et al., 1985; Xiong et al., 1999) . In addition, vernamycin B (a streptogramin B-type antibiotic; Moazed & Noller, 1987) , macrolides and ketolides affect accessibility to chemical modi®-cations of nucleotides in the central loop of domain V and in the 735-742 loop in domain II (Xiong et al., 1999; Hansen et al., 1999; this paper) .
Considering the possible involvement of segments of domain II in the formation of ribosomal peptidyl transferase center, it is conceivable that Figure 8 . Effect of the A2058G mutation (E. coli numeration) on the activity of 50 S À5 S subunits reconstituted in the presence of antibiotic RU69874. Lanes 1 and 4, subunits reconstituted with the wild-type (WT) or the mutant (A2058G) 23 S rRNA and 5 S rRNA. Lanes 2 and 5, subunits reconstituted in the absence of 5 S rRNA or antibiotic. Lanes 3 and 6, subunits reconstituted in the absence of 5 S rRNA but in the presence of 1 mM RU69874.
proper inter-positioning of domains II and V should be essential for the assembly of the catalytically active large ribosomal subunit. We propose that 5 S rRNA may participate in the assembly of the ribosomal peptidyl transferase center; in particular, it may help in aligning functional segments of domains II and V of 23 S rRNA. The existing experimental data are compatible with this hypothesis. (i) Crosslinking results demonstrate that 5 S rRNA interacts with both domains II and V of 23 S rRNA (Dokudovskaya et al., 1996; Sergiev et al., 1998) . (ii) Compact homogenous large ribosomal subunits can be assembled in the absence of 5 S rRNA; however, 50 S À5 S subunits sediment slightly slower than fully assembled 50 S subunits (Dohme & Nierhaus, 1976 ; Figure 3) , suggesting that the lack of 5 S rRNA cause subtle distortions in the subunit structure. (iii) 5 S rRNA is required at the last assembly step in vitro for reconstituting catalytically active large ribosomal subunits (Dohme & Nierhaus, 1976; Khaitovich et al., 1999b;  Figure 2 ). (iv) Nevertheless, 5 S rRNA is not absolutely critical for the peptidyl transferase activity and subunits assembled without 5 S rRNA exhibit diminished but clearly detectable activity (Erdmann et al., 1971; Dohme & Nierhaus, 1976 ; Figure 2 ), suggesting that a fraction of the subunits can``®nd'' the active conformation even without 5 S rRNA; however, the presence of 5 S rRNA signi®cantly increases the proportion of subunits with the``properly'' assembled catalytic center.
The fact that speci®c antibiotics could partially compensate for the lack of 5 S rRNA during large ribosomal subunit reconstitution provide further support for 5 S rRNA involvement in the peptidyl transferase assembly. Notably, only antibiotics capable of simultaneous interaction with domains II and V of 23 S rRNA (macrolides, ketolides and streptogramin B-type antibiotic quinupristin) stimulated assembly of catalytically active 50 S À5 S subunits. Neither thiostrepton, which interacts with a de®ned segment of domain II of 23 S rRNA (Lu & Draper, 1995; Egebjerg et al., 1989) , nor 30S subunit-targeted antibiotics promoted assembly of functional 50 S À5 S subunits. Furthermore, since antibiotics did not stimulate activity of the 50 S subunits reconstituted with the 23 S rRNA containing a macrolide-resistance mutation, the drug interaction with its native binding site was obviously required for the observed effect. The only apparent similarity between 5 S rRNA on the one hand and small antibiotic molecules stimulating assembly of functional 50 S À5 S subunit on the other is their ability to interact with domains II and V of 23 S rRNA. Therefore, it is reasonable to think that this interaction is required for reconstitution of subunits with active peptidyl transferase. Both 5 S rRNA or antibiotics can conceivably recognize and bind to the properly arranged segments of domains II and V, and in this way can``lock'' rRNA in its functional con®guration thus increasing the proportion of the correctly assembled catalytically active subunits. Notably, as is the case with 5 S rRNA, the presence of antibiotics is apparently essential during the last assembly step when most ribosomal proteins are already attached to the RNA and a compact particle as well as probably individual ribonucleoprotein domains are formed (Dohme & Nierhaus, 1976) , suggesting that 5 S rRNA, or drugs, affect interpositioning of the pre-assembled domains.
Removal of the drug after the reconstitution procedure, by repeated ethanol precipitation of the assembled 50 S À5 S subunits, did not diminish subunit peptidyl transferase activity. Though we cannot completely exclude a possibility that some amount of antibiotic remained tightly bound to the subunits and was not removed during precipitation, it is possible that the presence of antibiotics is important only during subunit assembly. After the last assembly step is completed, the functional arrangement of 23 S rRNA domains can be stabilized by RNA-RNA or RNA-protein interactions and does not further require the presence of the drugs.
Peptidyl transferase activity of T. aquaticus 50 S subunits reconstituted with the complete set of rRNA (23 S rRNA 5 S rRNA) corresponded to approximately 10 % of the activity of native 50 S subunits. Though speci®c activity of the assembled subunits could further be increased by sucrose gradient puri®cation (Khaitovich et al., 1999b) , it never reached that of the native subunits, indicating that a proportion of the in vitro reconstituted subunits is not assembled properly. Therefore, it is not surprising that antibiotics which promote assembly of catalytically active 50 S À5 S subunits could also stimulate, to some extent (approximately 1.5-fold), the assembly of subunits reconstituted with 5 S rRNA, apparently again by increasing the proportion of subunits with the properly arranged rRNA domains. In agreement with this ®nding, antibiotics did not stimulate any further peptidyl transferase activity of the native large ribosomal subunits.
Macrolides and ketolides were shown to affect in vivo assembly of large ribosomal subunits (Chittum & Champney, 1995; . However, in contrast to the in vitro stimulatory effect, the drugs interfere with the in vivo subunit assembly. Although we do not have a clear explanation for the observed difference in the in vitro and in vivo drug effects, the idiosyncrasies of the natural assembly pathway and the in vitro reconstitution can account for the different consequences of the drug interaction with the assembly intermediates.
Concluding remarks
Among all of the ribosomal functions, peptidyl transferase activity is most dramatically affected by the absence of 5 S rRNA during reconstitution of the 50 S subunits. In this work, we demonstrated that the effect of 5 S rRNA omission could be par-tially compensated by the presence of small antibiotic molecules capable of interacting with distant domains in 23 S rRNA. This ®nding allows us to suggest that at least one of the natural functions of 5 S rRNA in the ribosome may be the facilitation of the correct ribosome assembly and maintenance of the structural integrity of distant elements of 23 S rRNA in the catalytic center of the ribosome.
Materials and Methods
Proteins, rRNA and ribosomal subunits Preparation of ribosomal proteins and in vitro transcripts of 5 S rRNA and either wild-type or mutant (A2058G) 23 S rRNA was described in detail (Khaitovich et al., 1999b) . The 50 S subunits were reconstituted following a three-step incubation protocol described by Khaitovich et al. (1999b) . The 50 S À5 S subunits were assembled following the exactly same procedure with the only difference being that 5 S rRNA was omitted from the reconstitution mixture. The reconstituted subunits were usually directly tested in the peptidyl transferase assay unless otherwise indicated.
Peptidyl transferase assay
Peptidyl transferase activity was assayed using a modi®ed peptidyl transferase reaction performed in thè`f ragment reaction'' conditions (Monro & Marcker, 1967) , with formyl-[ 35 S]Met-tRNA as a donor substrate and puromycin as an acceptor substrate, as described (Khaitovich et al., 1999b) . Under these conditions, the amount of the reaction product, formyl-[
35 S]Met-puromycin, formed was linear with respect to ribosome concentration. In a standard assay, formyl-[
35 S]Met-tRNA with a speci®c activity 10 Ci/mmol was used. Formyl-[ 35 S]Met-tRNA with approximately tenfold higher speci®c activity (>100 Ci/mmol) was used in some experiments. Formyl-[ 35 S]Met-puromycin was identi®ed by paper electrophoresis (Monro & Marcker, 1967 ) using buffer conditions described by Green & Noller (1996) . Radioactive spots were visualized on the electrophoregram using PhosphorImager (Ambis).
Protein composition
For analysis of protein compositions, the subunits reconstituted with or without 5 S rRNA were loaded onto a 10 % to 40 % (w/v) linear sucrose gradient prepared in buffer A (20 mM Tris-HCl (pH 7.4), 400 mM NH 4 Cl, 20 mM MgCl 2 , 5 mM b-mercaptoethanol). The gradients were centrifuged at 4 C for 15 hours at 26,000 rpm in a SW41 rotor (Beckman). Gradients were fractionated through the ISCO¯ow spectrophotometer, peak fractions were combined and precipitated with three volumes of ethanol. Pellets were resuspended either in 50 ml of buffer A (for use in the peptidyl transferase activity assay), or in 50 ml of deionized water (for protein extraction). Protein extraction was carried out exactly as described by Nierhaus (1990) . Proteins were resolved by two-dimensional gel electrophoresis as described (Madjar et al., 1979) , system 4, except for the ®nal glycine concentration in the second dimension electrophoretic buffer being 180 mM (Geyl et al., 1981) . Gels were stained with GELCODE 1 Blue Stain Reagent (Pierce).
Footprinting of RU69874 on T. aquaticus ribosome T. aquaticus ribosomes and 50 S subunits were prepared as described (Khaitovich et al., 1999b) . The 50 S subunits were heat-activated by incubating for ten minutes at 42 in buffer containing 20 mM Tris-HCl (pH 7.5), 25 mM MgCl 2 , 100 mM NH 4 Cl, 6 mM b-mercaptoethanol; 10 pmol ribosomes were incubated for ten minutes at 37 C and then for ten minutes at 20 C in 50 ml of buffer (80 mM potassium cacodylate (pH 7.2), 20 mM MgCl 2 , 100 mM NH 4 Cl, 1.5 mM dithiothreitol) containing 50 mM macrolide RU69874. Dimethyl sulfate modi®cation and primer extension analysis was performed according to Stern et al. (1988) . Only the regions in domains II and V of interest for this work (positions 580-770 and 1900-2100) were scanned for antibioticspeci®c footprints.
